Abstract: Light emitting properties of poly [4-(5-(biphenyl-4-yl
Introduction
Recently, considerable research efforts have been dedicated to the development of electroluminescent polymers due to their numerous potential virtues such as low turn on and operating voltages, light weight, low-cost processing methods, and wide view angle. 1−5 This concept was first reported by Burroughes et al. in 1990 with poly(p-phenylene vinylene). 6 Electroluminescence (EL) is the process in which the recombination of an electron and a hole, which are injected by an external electrical field from respective electrodes, create an excited molecule that emits photons upon relaxation to the ground state.
In solid state, polymer chains tend to agglomerate due to the tendency to reduce surface energy. This usually causes the chains to aggregate, forming interchain excited states. Emission is broadened or diminished due to the formation of these interacting excited states (such as excimers or charge transfer excited states), which are competing with the intrinsic intrachain excited states for the capture of the excitons' energy. 7 For the sake of a narrow band and highly efficient emission, this phenomenon can be avoided by isolating the chains to prevent the occurrence of interchain species that quench the fluorescence solid state films.
8
Blending of semiconducting polymers is one of the methods proven to be effective in improving the photoluminescence (PL) and EL efficiency of PLEDs. 9−13 This enhancement can be attributed to the significant suppression of interchain interactions. 14 Blending the system with an inert polymer such as polystyrene or poly(methyl methacrylate) can enhance the emission efficiency of conjugated polymers by the dilution effect.
15,16
However, the inert polymer may deteriorate the optical and electrical properties of the resulting polymer blend. * Correspondence: toppare@metu.edu.tr Dedicated to the memory of Professor Ayhan S. Demir
In addition to suppression of interchain species, careful selection of luminescent polymer blends or forming a host-guest system can be employed to increase emission efficiency. The host-guest system can be accomplished by doping a high energy emitting host (molecule with a broad band gap) with a low energy emitting guest (molecule with a narrow band gap), where excitation energies may be transferred under certain conditions from the higher energy host (donor) to the lower energy guest (acceptor). 17 Forster energy transfer is one of these host-guest systems, in which energy transfer is established in a nonradiative manner.
18
Furthermore, by blending the chromophore with an active polymer and controlling the energy transfer mechanism, emission can be tuned according to demand. Several studies have been conducted with this idea like white light generation through incomplete energy transfer between chromophores.
19−21
Poly(p-phenylene) (PPP) and its derivatives have been extensively investigated for use as light emitting materials as they are thermally and oxidatively stable polymers. 22−25 The first blue emitting organic LED was achieved by PPP. 26 However, the low solubility of the material restricts its applicability.
27
In a previous study, we investigated the synthesis and electrochemical properties of a soluble biphenyl derivative, namely poly
28 Herein, we examined the light emitting properties of PPhHTBT and its blends with poly(9-vinylcarbazole) (PVK).
Results and discussion

Optical properties
In order to observe the photophysical properties of the polymers, 10 mg/mL solutions of the polymers were prepared and spin coated on glass substrate at 1000 rpm for thin film absorbance and photoluminescence measurements. Furthermore, the solutions were prepared with a concentration of less than 10 −5 M in order to prevent self-quenching for solution absorbance and photoluminescence measurements. In addition, the cell was degassed with nitrogen to prevent O 2 quenching of the emission during solution photoluminescence measurements. Solution and thin film absorption and emission spectra of PPhHTBT were investigated elsewhere. As can be seen from the thin film emission spectra (Figure 2a ), even at very low concentration of the PPhHTBT (acceptor), no emission from the PVK (donor) was observed, which is an indication of complete energy transfer. The green light emitting polymer PPhHTBT reveals a peak at 567 nm that dominates the PL spectra of all blends. As the concentration of PVK increases, emission shifts to a shorter wavelength relative to the pure PPhHTBT solution emission spectrum. This is due to the dilution effect where PPhHTBT chains get more isolated by PVK matrix.
In order to analyze the energy transfer mechanism (Figure 2b ), solution emission spectra of blends were studied. Unexpectedly, still no emission from the donor was seen even though it is known that for an efficient energy transfer close interaction should be provided for host and guest materials. For the pure polymer, the solution emission spectrum shows that emission occurs at 514 nm with a shoulder at 538 nm corresponding to the 0-0 and 0-1 transitions, respectively. The main peaks originate from single chain excitons, while the corresponding shoulders are established from interchain excitons. 29 As the concentration of the polymer is decreased, the blue portion of emission increases, while the red shoulder is seen to decrease with respect to pure polymer. Two factors contribute to this behavior. Firstly, isolation of the chains results in less aggregate states. Secondly, the higher energy emitting material (PVK) contributes more to the blue portion of the lower energy emitting material.
Comparison between solution and thin film emission spectra shows that polymer films were red-shifted by 30-40 nm from that of polymer solutions, indicating clearly that a stronger intermolecular interaction occurred in the solid state, which creates aggregates. These aggregates create lower energy interchain excited states in which excitons can be transferred through or quenched. Therefore, maxima of the emission red-shifted and the increased number of energy levels broadened the spectrum.
In addition, the observed vibronic fine structures in solution emission spectra disappeared in the thin film spectra due to the contribution of 2 factors. Firstly, the increase in the interchain species reduces the blue portion and increases the red portion of the emission. Secondly, as the concentration is increased, the 0-1 peak has less self-absorption loss because it is further from the absorption edge of the material than the main peak.
30
Emission maxima are summarized in Table 1 . In order to further investigate the effect of dilution on energy transfer mechanism, 10-and 100-fold diluted emission spectra of the lowest (5%) and highest (40%) PPhHTBT concentration blends were taken (Figures 3a and 3b) . It is seen from Figures 3a and 3b that the diluted spectra of both blends reveal similar behavior with respect to their concentrated spectra. However, as the distance between donor and acceptor increases, the contributed energy difference from donor to acceptor between the blue portion and the red portion of the emission decreases. This might be due to the fact that, as the donor and acceptor get away from each other, the importance of the energy transfers from the higher energy emitter (PVK) to the higher energy potion of the lower energy emitter (PPhHTBT) decreases. If we compare the effect of this proposal between 40% and 5% in PPhHTBT, it is seen that the higher concentration of acceptor is less affected, which has closer interaction with the donor.
Complete energy transfer from donor to acceptor, which seems to be prevalent even in the much diluted solutions state, indicates that these polymers are compatible and miscible in each other and that they do not need any additional process for better interactions, such as using surfactants.
Device properties
PLEDs of PPhHTBT/PVK blends were fabricated with a configuration of indium tin oxide (ITO)/poly(3,4-ethylene dioxythiophene)(PEDOT)/blend/Ca/Al with 5, 10, 20, 30, 40, and 100 wt% in PPhHTBT to test device characteristics. Figures 4a and 4b show the luminance versus voltage and current density versus voltage curves for the devices. As seen in the figure, turn-on voltages are below 3 V. Below this voltage the current density reveals a linear increase with the voltage. This region is governed by thermally generated free charge carriers trapped in the bulk. As the voltage increases the traps get filled, and a sharp increase caused by further injected carriers is observed in the current density after 3 V. The hole injection barrier is much higher than the electron injection barrier for pure neat polymer as indicated in Figure 5 . An unbalanced charge injection results in loss of efficiency, that is, injected electrons pass through the emitting region and reach the anode if they do not meet the holes. A hole transport layer PVK can reduce the imbalance charge injection. As seen from the J-V curves, electrons are trapped in PVK, needing more energy to reach the threshold voltage for the blends below 40% in weight of PPhHTBT. However, L-V curves show that the threshold voltage is decreased for the blends above 10% in PPhHTBT, meaning that more balanced injected charge carriers serve light output at lower voltages. As can be seen in Table 2 , the efficiencies at luminance value of 200 cd/m 2 are increased for all blends and the necessary voltages for that luminance value are decreased for the blends up to 20%. The voltages are increased for the 5% and 10% blends due to the decrease in the average distance of excitons located on PPhHTBT chain segments between PVK segments. A low concentration of the material yields high distance and lower probability of the meeting of the charges. Still they reveal higher efficiencies compared to pure material because they need lower current values for achieving a luminance of 200 cd/m 2 . EL spectra of polymer PPhHTBT and its blends with PVK are shown in Figure 6 and peak wavelengths are listed in Table 2 . As in the case of PL spectra, no emission was observed from PVK, revealing that energy of the donor is transferred to the acceptor by either resonance coupling or charge transferring. As the concentration of the acceptor increased a small red-shift was observed for blends. However, there was a significant red-shift for the pristine device. This may be attributed to the dilution effect of PVK chains on PPhHTBT chains. The vibronic shoulder observed for 100 wt% blend disappears as the concentration decreases, which shows that the donor dominates more the higher energy region of the acceptor and due to the dilution effect fewer interchain species are created. In addition, the half width of the spectrum decreases from 95 nm to 80 nm from 100 to 5 wt% in PPhHTBT; this again gives information about less disordered microenvironment for the lower concentration of the acceptor.
The color of emission is highly dependent on blend ratio. Isolation of PPhHTBT decreases the importance of the green emission due to reduction in intra/interchain interaction of pure polymer, which leads to more red-shifted and lower energy emission. The color chromaticity diagram is shown in Figure 7 where the CIE chromaticity coordinates deviate to the blue emitting region as the percentage of the acceptor is decreased.
Energy transfer from donor to acceptor is related to the interaction distance and it is also dependent on the spectral overlap. 31 As a result, more efficient energy transfer must be achieved as the acceptor concentration increases. However, aggregation and intermolecular chain interactions are increased as the concentration is increased, causing nonradiative excimer relaxation. 32 Therefore, the effects of these 2 phenomena compete.
It can be seen from the values given in Table 2 that the optimum concentration is achieved in 30% blend ratio, which possesses 1.1 cd/A luminance efficiency. This proves that the lower performance of low acceptor percentage blends compared to 30% can be attributed to the higher interaction distance. Moreover, the low performance of the higher acceptor percentage blend (40%) can be attributed to the aggregation states, probably even in phase separation, which results in emission quenching and increased interaction distance. The PL spectra of the thin films shifted to the red region compared to their EL spectra. The difference between EL and PL spectra probably occurs due to the difference in the creation of the singlet excitons. 33 When blends are excited by means of photon absorption in the case of photoluminescence, the excitons are created on PVK. The excitons are transferred to the guest PPhHTBT in a nonradiative manner. Therefore, neutral excitons are formed directly on the polymer. On the other hand, the solution PL spectra of the blends show emission behavior very similar to that of EL spectra. This means that the relaxations in EL occur as if there is no aggregation between the chains and no quenching occurs. In other words, PVK behaved as a matrix for the polymer as well as an energy transfer component.
Experimental
Materials
All chemical reagents were purchased commercially and used without further purification except for THF. PVK (Aldrich), PEDOT:PSS (H.C. Stark), Al (Kurt. J. Lester), Ca (Kurt. J. Lester), and ITO (Visiontek Systems
Ltd.) were used as received.
Synthesis
The synthesis of 4,7-bis(3-hexylthien-5-yl) 2-dodecyl-benzo [1, 2, 3] triazole (HTBT) was conducted according to the previous literature methods. The synthetic pathway for PPhHTBT was discussed in detail elsewhere. Polymerization was conducted via palladium(0) catalyzed Suzuki polycondensation reaction with equivalent molar ratios of dibrominated monomer (HTBT-Br) and diboronic ester substituted biphenyl under argon atmosphere. Molecular weight of the polymer is an important parameter that determines the degree of conjugation and interaction between the chains. A higher polydispersity index (PDI) introduces exciton traps since there is a distribution of band gaps. From GPC measurements PPhHTBT was found to have Mn of 8600 with a PDI of 3.8, which serves the purposes. 
Electrochemical properties
The difference between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) values of the polymer determines the emission wavelength. In addition, positions of these values are important since they determine the injection efficiency of the charges. Ideally the HOMO value should match the anode and the LUMO value should match the cathode for effective hole and electron injection, respectively. The HOMO and LUMO levels of the polymers were calculated from the onsets of oxidation and reduction potentials previously. 
Thermal stability
The thermal properties of the PPhHTBT copolymer were investigated via thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC) under nitrogen atmosphere. A 5% weight loss temperature was observed at 460
• C and 48% weight residue was observed at 800
• C, which are common for rigid polymers like PPP derivatives. The copolymer did not show any transition temperatures such as glass-transition temperatures (Tg) up to 400
• C, which originates from the rigid structure of the polymer. Lack of Tg up to high temperatures prevents morphological deformation and aggregational rearrangement that changes the optical properties of the material.
Device preparation
The PLED structures in this study were fabricated with the configuration of ITO/PEDOT:PSS/emissive layer/Ca/Al. ITO-coated glasses were purchased commercially with 2.5 cm × 2.5 cm dimensions. The specimen was etched and the middle of the specimen was masked with the help of vinyl tape. The nonmasked part of the specimen was etched with HCl and zinc dust. After that, the substrate was put in a 10% NaHCO 3 solution in order to neutralize the acid and the slide was washed with water. Finally, by immersing the ITO substrates into an ultrasonic bath they were washed with toluene, water and detergent, acetone, and isopropanol consequently for 15 min. The slides were cleaned by O 2 plasma treatment for further purifications. A thin film of hole transporting material PEDOT:PSS was formed on the slides by spin coating at 5000 rpm and annealed at 150
• C for 15 min. After that, PPhHTBT-PVK (10 mg/mL in chloroform) was prepared with different weight ratios by spin coating at 1000 rpm. The films were put into the vacuum chamber inside a nitrogen-filled glove box system (MBraun 200 B with moisture < 0.1 ppm, oxygen < 0.1 ppm) and 20-nm Ca cathode was deposited onto blend films. For preventing oxidation of the Ca, an 80-nm Al layer was deposited as a protecting layer.
The shadow mask was designed such that 8 individual devices (active layer) with 0.06 cm 2 area were produced.
After electrode deposition, the PLED devices were then encapsulated with glass and sealed with UV-cured epoxy glue in the glove box. Current-voltage-luminance and EL spectra measurements were conducted outside the glove box with a Keithley 2400 source meter and Maya 2000 spectrophotometer from Ocean Optics.
